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Abstract This study investigated pitch perception and production in speech and music in 
individuals with congenital amusia (a disorder of musical pitch processing) who are 
native speakers of Cantonese, a tone language with a highly complex tonal system. 
Sixteen Cantonese-speaking congenital amusics and 16 controls performed a set of 
lexical tone perception, production, singing, and psychophysical pitch threshold tasks. 
Their tone production accuracy and singing proficiency were subsequently judged by 
independent listeners, and subjected to acoustic analyses. Relative to controls, amusics 
showed impaired discrimination of lexical tones in both speech and non-speech 
conditions. They also received lower ratings for singing proficiency, producing larger 
pitch interval deviations and making more pitch interval errors compared to controls. 
Demonstrating higher pitch direction identification thresholds than controls for both 
speech syllables and piano tones, amusics nevertheless produced native lexical tones with 
comparable pitch heights/contours and intelligibility as controls. Significant correlations 
were found between pitch threshold and lexical tone perception, music perception and 
production, but not between lexical tone perception and production for amusics. These 
findings provide further evidence that congenital amusia is domain-general language-
independent pitch-processing deficit that is associated with severely impaired music 
perception and production, mildly impaired speech perception, and largely intact speech 
production. 
 
 
 
PACS numbers: 43.70.Mn, 43.75.Cd, 43.75.Rs 
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I. INTRODUCTION  
Music and language are two defining aspects of human cognition. Musicianship 
and tone-language expertise (e.g., Mandarin, Cantonese) have been shown to assert 
beneficial effects on pitch processing in music and speech in a bidirectional way, with 
musicians showing superior processing of lexical tone (e.g., Bidelman et al., 2011; Lee 
and Hung, 2008; Wong et al., 2007) and tone-language speakers demonstrating enhanced 
processing of musical pitch (e.g., Bidelman et al., 2013; Deutsch et al., 2009; Pfordresher 
and Brown, 2009; Wong et al., 2012; but see Peretz et al., 2011 for negative support). A 
closely related proposal that has been studied extensively in recent years is that tone-
language expertise would reduce or compensate for deficits in musical disorders such as 
congenital amusia ("amusia", hereafter; Peretz, 2008; Peretz et al., 2002). Evidence 
predominantly drawn from speakers of Mandarin, a tone language with four lexical tones 
(e.g., Jiang et al., 2010; Liu et al., 2012a; Nan et al., 2010), does not seem to support this 
proposal. However, there are tone languages in the world with more complex tonal 
systems than Mandarin (Yip, 2002). There are six lexical tones in Cantonese, named 
Tone 1 to Tone 6. Using the scale of 1-5 (5 being the highest and 1 being the lowest pitch 
level) (Chao, 1930), the high-level Cantonese Tone 1 can be transcribed as having pitch 
values of 55, the high-rising Tone 2 as having 25, the mid-level Tone 3 as 33, the low-
falling Tone 4 as 21, the low-rising Tone 5 as 23, and the low-level Tone 6 as 22. The 
fact that there are multiple tones with similar shapes in Cantonese (Rising: 25/23; Level: 
55/33/22; Falling: 21) makes tone perception challenging even for native speakers 
(Ciocca and Lui, 2003; Francis and Ciocca, 2003; Varley and So, 1995). It has been 
shown that Cantonese speakers demonstrate enhanced pitch processing abilities 
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compared to Mandarin speakers (Zheng et al., 2010, 2014). Thus, it is possible that 
Cantonese speakers with amusia may exhibit different characteristics in pitch processing 
in speech and music than Mandarin speakers with amusia. The present study was 
conducted to explore this possibility.  
Congenital amusia is a heritable neurodevelopmental disorder of musical 
processing (Drayna et al., 2001; Peretz et al., 2007), affecting around 3-5% of the general 
population across speakers of tone and non-tonal (e.g., English, French) languages 
(Kalmus and Fry, 1980; Nan et al., 2010; Peretz et al., 2008; Wong et al., 2012; although 
see Henry and McAuley, 2010, 2013 for contrasting views). Since the first systematic 
study of amusia published in 2002 (Ayotte et al., 2002), the majority of amusia studies 
have focused on speakers of non-tonal languages such as English (e.g., Foxton et al., 
2004; Jones et al., 2009b; Liu et al., 2010; Loui et al., 2008) and French (e.g., Albouy et 
al., 2013; Dalla Bella et al., 2009; Hutchins et al., 2010a; Tillmann et al., 2011b). The 
first studies of amusia on tone language (Mandarin) speakers were published in 2010 
(Jiang et al., 2010; Nan et al., 2010), and were followed by a series of studies on 
Mandarin speakers (e.g., Jiang et al., 2012b; Liu et al., 2012a, 2015a) and only two 
studies on Cantonese speakers (Liu et al., 2015b; Wong et al., 2012).  
Across speakers of different language backgrounds (English, French, or Mandarin), 
individuals with amusia (“amusics”, hereafter) have been reported to have severely 
impaired music perception and production (e.g., Ayotte et al., 2002), mildly impaired 
speech perception (e.g., Liu et al., 2010), and largely intact speech production (e.g., Nan 
et al., 2010). Amusics also demonstrated impaired fine-grained pitch discrimination, 
insensitivity to pitch direction (up versus down), and/or lack of pitch awareness for 
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speech and music (Foxton et al., 2004; Hutchins and Peretz, 2012; Hyde and Peretz, 2004; 
Jiang et al., 2011; Liu et al., 2010, 2012a, 2012b, Loui et al., 2008, 2009, 2011, Moreau 
et al., 2009, 2013, Peretz et al., 2002, 2009; Tillmann et al., 2011b). Neuroimaging 
studies suggested reduced connectivity along the right frontotemporal pathway in the 
amusic brain for English/French speakers (Hyde et al., 2006, 2007, 2011; Loui et al., 
2009). 
Although primarily a musical disorder, amusia also impacts many aspects of speech 
processing for speakers of English, French, and Mandarin: First, amusics demonstrate 
impaired perception of intonation and of lexical tones when the pitch contrasts involved 
are relatively small (Hutchins et al., 2010a; Jiang et al., 2010, 2012a, 2012b, Liu et al., 
2010, 2012a); second, amusics show impaired phonemic awareness for speech segments 
and lexical tones (Jones et al., 2009a; Nan et al., 2010); third, amusics show impaired 
discrimination of non-native lexical tones (Tillmann et al., 2011a); fourth, amusics 
demonstrate impaired ability to identify certain emotions in spoken utterances 
(Thompson et al., 2012); finally, amusics show impaired speech comprehension in both 
quiet and noisy background, and with either normal or flat F0 (the fundamental 
frequency, in Hz) (Liu et al., 2015a).  
While the aforementioned speech processing deficits in amusia are all related to 
perception, research has indicated that amusics’ speech production abilities are largely 
preserved. In particular, English-speaking amusics showed normal laryngeal control (the 
regularity of vocal fold vibration) and pitch production (overall pitch range and pitch 
regularity) when reading a story and producing three sustained vowels (Liu et al., 2010). 
French-speaking amusics exhibited automatic vocal pitch shift in response to frequency-
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shifted auditory feedback when speaking and singing (Hutchins and Peretz, 2013). 
Furthermore, although Mandarin-speaking amusics demonstrated impaired lexical tone 
identification and discrimination, their production of lexical tones achieved near-perfect 
recognition rates by native listeners (Nan et al., 2010). Speech perception-production 
mismatch in amusia was further supported by the finding that amusics of English or 
French background demonstrated better imitation than identification or discrimination of 
speech intonation (Hutchins and Peretz, 2012; Liu et al., 2010). However, despite 
showing better production than perception of pitch in speech and music, amusics still do 
not perform at the normal level on pitch/timing matching when imitating speech/music 
materials. For example, Mandarin-speaking amusics showed impaired pitch and rhythm 
matching in speech and song imitation (Liu et al., 2013), which was consistent with the 
reduced performance on pitch matching of single tones and pitch direction in English- 
and French-speaking amusics (Hutchins et al., 2010b; Loui et al., 2008).  
As reviewed above, increasing evidence has suggested that amusia is a domain-
general pitch-processing deficit, regardless of language background (English, French, or 
Mandarin). The most commonly used diagnosis test for amusia is the Montreal Battery of 
Evaluation of Amusia (MBEA) (Peretz et al., 2003), which consists of six subtests 
measuring the perception of scale, contour, interval, rhythm, and meter of Western 
melodies, and recognition memory of these melodies. Those who score two standard 
deviations below the control mean on the global score or scores on the first three pitch-
based subtests are classified as amusics (Liu et al., 2010; Peretz et al., 2003). Thus, 
amusia is primarily a music perception disorder according to its diagnosis criteria. The 
majority of amusics also have impaired music production, being unable to sing in tune or 
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imitate song accurately (Ayotte et al., 2002; Dalla Bella et al., 2009; Liu et al., 2013; 
Tremblay-Champoux et al., 2010).  
It is a matter of debate whether speakers of tone languages have enhanced 
perception of pitch compared to non-tonal language speakers, with some studies showing 
positive evidence (Giuliano et al., 2011; Pfordresher and Brown, 2009) while other 
studies revealing negative results (Bent et al., 2006; Bidelman et al., 2011b; DiCanio, 
2012; Schellenberg and Trehub, 2008; So and Best, 2010; Stagray and Downs, 1993). A 
meta-analysis of the amusia literature indicates that tone language experience has no 
impact on pitch processing in amusia (Vuvan et al., 2015). However, it has been shown 
that the cut-off score for the diagnosis of amusia is higher in Hong Kong for Cantonese 
speakers (78.4%) than in Canada for French speakers (73.9%), based on the On-Line 
Identification Test of Congenital Amusia (Peretz et al., 2008; Wong et al., 2012). This is 
in contrast to Mandarin speakers, who show a lower cut-off score (71.7%) than French 
speakers (74.7%) for the diagnosis of amusia using the MBEA global score (Nan et al., 
2010). As mentioned earlier, Cantonese is a tone language with a greater degree of 
complexity in terms of tonal contrasts than Mandarin (Yip, 2002). Presumably because of 
being exposed to such a rich inventory of tonal patterns in everyday life, Cantonese 
speakers demonstrate comparable performance to English musicians on pitch and music 
processing (Bidelman et al., 2013), and enhanced categorical perception of pitch relative 
to Mandarin speakers (Zheng et al., 2010, 2014). Furthermore, compared with English-
and French-speaking amusics, fewer Cantonese-speaking amusics reported to have 
problems with singing (Peretz et al., 2008; Wong et al., 2012). Our recent study also 
revealed intact brainstem encoding of speech and musical stimuli in Cantonese-speaking 
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amusics (Liu et al., 2015b). Because of the exposure to a complex lexical tone system, 
Cantonese-speaking amusics (“Cantonese amusics”, hereafter) may have developed 
strategies for compensating for pitch-processing deficits in speech and music. The present 
study investigated this issue using a comprehensive set of tasks, including lexical tone 
perception and production, singing, and psychophysical pitch thresholds. 
In the lexical tone discrimination tasks, we used both speech and non-speech 
stimuli, and employed tone pairs with either subtle (tone pairs 21-22, 22-33) or relatively 
large (tone pairs 23-25, 25-55) pitch differences. In the lexical tone production task, 
Cantonese amusics and controls produced six lexical tones on the same syllable [si] to 
represent different word meanings (“poem”, “history”, “exam”, “time”, “market”, and 
“right”). An independent group of Cantonese listeners then identified the words that 
amusics and controls produced. In the singing task, Cantonese amusics and controls sang 
“Happy birthday” in Cantonese. Singing proficiency was evaluated using both acoustic 
analyses and subjective ratings by an independent group of native listeners. In the pitch 
threshold tasks, pitch direction identification thresholds were assessed using adaptive 
tracking procedures for speech syllables and piano tones. 
II. METHOD 
A. Participants 
Participants (n = 16 in each group) were recruited by advertisements through mass 
mail services at the Chinese University of Hong Kong. All participants had normal 
hearing in both ears, with pure-tone air conduction thresholds of 25 dB HL or better at 
frequencies of 0.5, 1, 2, and 4 kHz. All were native speakers of Cantonese, and none 
reported having speech or hearing disorders or neurological/psychiatric impairments in 
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the questionnaires concerning their music, language, and medical background. Written 
informed consents were obtained from all participants prior to the experiments. The 
Institutional Review Board of Northwestern University and The Joint Chinese University 
of Hong Kong – New Territories East Cluster Clinical Research Ethics Committee 
approved the study. 
All participants were right-handed as assessed by the Edinburgh Handedness 
Inventory (Oldfield, 1971). The diagnosis of amusia in these participants was conducted 
using the MBEA (Peretz et al., 2003). Those who scored 65 or under on the pitch 
composite score (sum of the scores on the scale, contour, and interval subtests) or below 
78% correct on the MBEA global score were classified as amusic, as these scores 
correspond to 2 standard deviations below the mean scores of normal controls (Liu et al., 
2010; Peretz et al., 2003). Controls were chosen to match with amusics on sex, 
handedness, age, years of education, and musical training background, but having 
significantly higher MBEA scores (Table 1).  
[Insert Table 1 about here] 
B. Tasks 
The tone perception, production, and singing tasks were administered to all 
participants in fixed order: 1) lexical tone perception (speech and non-speech in 
counterbalanced order across participants), 2) lexical tone production, and 3) singing of 
“Happy birthday” in Cantonese (which has the same melody as the English version). 
These three tasks took around 30 minutes on average. Depending on their availability, 
participants also participated in two pitch threshold tasks on a different day. All 
experiments were conducted in a soundproof booth at the Chinese University of Hong 
 - 10 -   
Kong. The perception tasks were delivered through Sennheiser HD 380 PRO Headphones 
at a comfortable listening level. The production data were recorded directly onto a 
desktop PC using Praat (Boersma and Weenink, 2001) with a Shure SM10A headworn 
microphone and a Roland UA-55 Quad-Capture audio interface, at a sampling rate of 
44.1 kHz.  
1. Lexical tone perception 
To assess subjects’ perceptual ability on lexical tones, four Cantonese tone pairs 
with varying degrees of tonal contrasts were used in the current tone perception tasks for 
both speech (Cantonese syllables) and non-speech (low-pass filtered hums; filtered at 
1900 Hz) conditions. Fig. 1 shows time-normalized F0 contours of these tone pairs. These 
stimuli were a subset of stimuli from Wong et al. (2009), chosen based on varying 
degrees of tonal contrasts for the current purpose, i.e., investigating amusics’ tone 
perception deficits in subtle tone pairs (tone pairs 21-22, 22-33; Fig. 1A and 1C), while 
including tone pairs that have relatively coarse differences for comparison (tone pairs 23-
25, 25-55; Fig. 1B and 1D). Normalized in amplitude and duration, the stimuli in each 
pair only differed in F0 characteristics. It is worth noting that F0 is the dominant cue that 
listeners use in tone perception, whereas the contribution of amplitude and duration is 
only secondary (Abramson, 1962; Lin and Repp, 1989; Liu and Samuel, 2004; Tong et 
al., 2015; Whalen and Xu, 1992). Thus, our normalization of amplitude and duration in 
these tone pairs is unlikely to have had significant impact on discrimination of these 
tones. 
The difference in mean F0 (averaged F0 value across the tone) between bei22 (low-
level, Tone 6) and bei33 (mid-level, Tone 3) was 2.02 semitones (Fig. 1A). The 
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difference in final F0 (F0 value at the tone offset) between jyu23 (low-rising, Tone 5) and 
jyu25 (high-rising, Tone 2) was 2.90 semitones (Fig. 1B), and that between min21 (low-
falling, Tone 4) and min22 (low-level, Tone 6) was 1.92 semitones (Fig. 1C). The 
difference in initial F0 (F0 value at the tone onset) between tong25 (high-rising, Tone 2) 
and tong55 (high-level, Tone 1) was 5.66 semitones, and the F0 range (maximum F0 – 
minimum F0) between these two tones was 4.57 semitones (Fig. 1D). Therefore, the F0 
differences between these tone pairs are likely to result in different degrees of 
subtlety/saliency of pitch contrasts, with 21-22 and 22-33 having smaller pitch 
differences than 23-25 and 25-55.  
[Insert Fig. 1 about here] 
In the lexical tone perception task, participants were required to discriminate the 
tones/pitches of the four Cantonese word pairs in speech and non-speech contexts, 
blocked by context. The order of presentation of speech and non-speech contexts was 
counterbalanced across participants. Four practice trials (each with 5 repetitions; with 
stimuli different from those in experimental trials) were given to the participants to 
familiarize them with the procedure and stimuli. In total, 80 stimulus pairs (4 tone pairs × 
2 “same” sequences × 2 “different” sequences × 5 repetitions) were presented to the 
participants in pseudorandom order in each condition (speech versus non-speech), with 
the inter-stimulus interval of 500 milliseconds. The participants’ task was to click the 
appropriate button on the computer screen to indicate whether the tones/pitches of the 
two stimuli in each pair were the same or different.  
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2. Lexical tone production 
To examine possible mismatches between tone perception and production, 
participants were asked to read aloud sentences including all six tones on the same 
syllable [si], as in 詩 /si55/, 史 /si25/, 試 /si33/, 時 /si21/, 市 /si23/, and 是 /si22/. These 
tones were embedded in six Chinese words, 詩歌 [“poem”], 歷史 [“history”], 嘗試 
[“exam”], 時間 [“time”], 街市 [“market”], and 是非 [“right and wrong”] for the 
participant’s reference.  The task required participants to read aloud the target syllables in 
a carrier sentence “下一個字係: __” [“The next word is: __”]. Participants were required 
to produce the target tones only (i.e., 詩, 史, 試, 時, 市, and 是), and not both syllables in 
each word. Each sentence was produced three times at a normal pace and in random 
order. 
3. Singing 
In the singing task, participants were asked to sing the “Happy birthday” song in 
Cantonese at a normal pace while their voice was recorded. 
4. Pitch threshold tasks 
To further examine pitch perception of amusics, all but 3 participants (1 amusic and 
2 controls did not participate due to unavailability) also completed two psychophysical 
pitch threshold tasks, during which they were required to identify the direction of pitch 
movement (high-low versus low-high) in the speech syllable /ma/ and its piano tone 
analog. For both stimulus types, there were a standard stimulus of 131 Hz (C3) and 63 
target stimuli that deviated from the standard in steps (∆F, F0 difference or pitch interval 
between the standard and target stimuli) of 0.01 (10 steps between 131.08 and 131.76 Hz, 
increasing by 0.01 semitones in each step), 0.1 (9 steps between 131.76 and 138.79 Hz, 
 - 13 -   
increasing by 0.1 semitones in each step), and 0.25 semitones (44 steps between 138.79 
and 262 Hz, increasing by 0.25 semitones in each step). Thus, the smallest pitch interval 
(∆F between the standard and step 1 deviant) between the standard and target stimuli was 
0.01 semitones, and the largest pitch interval (∆F between the standard and step 63 
deviant) was 12 semitones.  
Stimuli were presented with adaptive tracking procedures using the APEX 3 
program developed at ExpORL (Francart et al., 2008). As a test platform for auditory 
psychophysical experiments, APEX 3 enables the user to specify custom stimuli and 
procedures with eXtensible Markup Language (XML). The “two-down, one-up” staircase 
method was used in the adaptive tracking procedure (Levitt, 1971), with step sizes of 
0.01, 0.1, and 0.25 semitones as explained earlier. Following a response, the next trial 
was played 750 ms later. In the staircase, a reversal was defined as a change of direction, 
e.g., from “down” to “up”, or from “up” to “down”. Each run ended after 14 such 
reversals, and the threshold (in semitones) was calculated as the mean of the pitch 
intervals (pitch differences between the standard and target stimuli) in the last 6 reversals. 
It took on average around 15 minutes to complete the two pitch threshold tasks. 
C. Tone production judgments and singing ratings 
In order to assess whether and to what extent the tones produced by the amusic and 
control participants can be correctly recognized by native listeners, an independent group 
of eight Cantonese-speaking informants were asked to identify the words that were 
associated with the produced tones based on their own judgments. The eight listeners 
heard the tones produced by the 32 amusic/control speakers (576 in total, = 32 
participants × 6 tones × 3 tokens), as in section 2.2.2, in random order. Their task was to 
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identify the word they just heard by pressing the buttons representing the word 詩 (as in 
詩歌), 史 (as in 歷史), 試 (as in 嘗試), 時 (as in 時間), 市 (as in 街市), and 是 (as in 
是非), respectively. Their identification accuracy (in percentage of correct responses to 
the intended tones) and confusion matrices between the intended tones and their 
responses were calculated.  
In order to assess singing proficiency of the amusic and control participants, the 
same eight Cantonese-speaking informants also participated in a singing-rating task, 
which consisted of two sessions. In the first session, listeners were required to rate 
whether the songs (presented in random order across listeners, with the group status 
unknown to the listeners) they heard were in-tune or not on a Likert scale of 1 (very out-
of-tune) to 8 (very in-tune) based on their intuition. In the second session, listeners were 
required to rate the singing using an accuracy rating scale (1-8) developed by Wise and 
Sloboda (Anderson et al., 2012; Wise and Sloboda, 2008). The use of both intuition 
(session 1) and guidelines (session 2) for singing rating enabled comparisons of different 
rating criteria and the evaluation of the reliability of singing proficiency judgments.  
D. Scoring and data analyses 
Statistical analyses were conducted using R (R Core Team, 2014). Participants’ 
performance on the tone discrimination tasks (in speech and non-speech) was scored 
using d' from signal detection theory (Macmillan and Creelman, 2005). The statistic d' 
was calculated using Table A5.4 for the differencing model in Macmillan and Creelman 
(2005). Hit (a “different” pair was judged as different) and false alarm (a “same” pair was 
judged as different) rates were adjusted up or down by 0.01 when their values were 0 or 
1. Tone production accuracy of amusics and controls was scored using the percentage of 
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correct responses by the 8 native listeners, transformed using rationalized arcsine 
transformation (Studebaker, 1985). In order to examine F0 contours of the produced tones 
by each participant, acoustic analyses were conducted using the Praat script ProsodyPro 
(Xu, 2013). Ten F0 data points (time-normalized) were extracted for each tone.  
Besides singing ratings by the eight Cantonese listeners, acoustic analyses were 
done on each song using Praat. Among the 32 participants, 29 produced 25 notes and 3 
produced 24 notes for the song. Each note’s F0 height in Hertz (Hz) and semitones was 
measured, as well as its rhyme duration in seconds. Adapting the acoustic measurements 
in previous singing studies (Dalla Bella et al., 2007, 2009), the following F0 and time 
variables were calculated to examine singing proficiency of the participants: 1) Pitch 
interval deviation (in semitones, or st): the absolute difference between the produced 
interval (pitch distance between two consecutive notes; in absolute value) and the notated 
interval as determined by the musical score of the song. The bigger the value, the less 
accurate the singing in relative pitch. 2) Number of pitch interval errors: the number of 
produced intervals that deviated from the notated intervals by more than ±0.5 semitones. 
3) Number of contour errors: the number of produced intervals that constituted different 
pitch directions (up, down, or level) than the notated intervals. 4) Number of time errors: 
the number of produced notes that were at least 25% longer or shorter than the notated 
durations. 
III. RESULTS 
A. Lexical tone perception 
Fig. 2 shows performance of the two groups in the tone perception tasks under 
speech and non-speech conditions, with scores on the four different tone pairs plotted 
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separately. A repeated-measures ANOVA on d' scores was conducted for each condition, 
with group (amusic, control) as the between-subject factor, tone pair (22-33, 23-25, 21-
22, 25-55) as the within-subject factor, and subject as the random factor.  
[Insert Fig. 2 about here] 
For the speech condition, a significant main effect of group [F(1,30) = 7.33, p = 
.011] was observed, as controls achieved better performance than amusics. Performance 
also varied significantly across different tone pairs [F(3,90) = 21.80, p < .001]. Post-hoc 
pairwise t-tests (two-sided) with the Holm correction (Holm, 1979) indicated that 
discrimination of tone pair 25-55 was significantly better than that of other tone pairs (all 
ps < .05), and discrimination of tone pairs 21-22 and 22-33 was significantly better than 
that of 23-25 (both ps < .05). There was no significant group × tone pair interaction 
[F(3,90) = 1.90, p = .135].  
For the non-speech condition, there was also a significant group effect [F(1,30) = 
4.19, p = .0495], with controls performing better than amusics. A significant main effect 
of tone pair was also observed [F(3,90) = 39.30, p < .001]. Post-hoc pairwise t-tests (two-
sided) with the Holm correction suggested that discrimination of tone pair 23-25 was 
significantly worse than that of other tone pairs (all ps < .001), and discrimination of tone 
pair 21-22 was also worse than that of 25-55 (p < .001). The group × tone pair interaction 
[F(3,90) = 0.69, p = .561] was not significant. 
Correlation analyses indicated that tone discrimination performance was positively 
correlated between the speech and non-speech conditions for both amusics [r(62) = .71, p 
< .001] and controls [r(62) = .65, p < .001], suggesting a possible link in performing a 
lexical and non-lexical task.  
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B. Lexical tone production 
The ten F0 data points of each tone were converted into log scores, and a by-
speaker z-score normalization was applied, in order to reduce inter-speaker variability. 
Fig. 3 shows the mean time-normalized F0 contours (in z-score normalized log F0) of the 
six Cantonese tones produced by the two groups. In order to account for the time-varying 
dynamics of these tones, a linear mixed effects model with group (amusic, control), tone 
(21, 22, 23, 33, 25, 55), and time (1-10) as fixed effects and participant (n = 32) as 
random effects were fit on the z-score normalized log F0 values of each tone, averaged 
across the three repetitions by each participant. Results revealed significant main effects 
of tone [F(5, 1866) = 1749.41, p < .001] and time [F(1, 1866) = 340.66, p < .001], and a 
significant tone × time interaction [F(5,1866) = 360.31, p < .001]. There was no 
significant effect of group [F(1, 30) = 0.0002, p = .988], group × tone [F(5, 1866) = 2.09, 
p = .064], group × time [F(1,1866) = 0.16, p = .688], or group × tone × time interaction 
[F(5, 1866) = 1.76, p = .117]. This suggests that amusics produced their native tones with 
comparable F0 trajectories as controls. 
[Insert Fig. 3 about here] 
Fig. 4 shows tone production accuracy (in percentage of correct responses) of the 
two groups as judged by eight native listeners. A repeated-measures ANOVA on 
rationalized arcsine transformed scores with factors of group (amusic, control) and tone 
(21, 22, 23, 33, 25, 55) revealed a significant main effect of tone [F(5,150) = 22.14, p < 
.001], but no group effect [F(1,30) = 0.01, p = .913] or group × tone interaction [F(5,150) 
= 0.30, p = .910]. Post-hoc pairwise t-tests (two-sided) with the Holm correction 
indicated that the low-falling tone 21 and the high-level tone 55 led to the highest 
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recognition rates, followed by the two rising tones 23 and 25; the low-level and mid-level 
tones 22 and 33 gave rise to the worst recognition (all ps < .05).  
 [Insert Fig. 4 about here] 
Confusion matrices of the eight native listeners’ identification of the six Cantonese 
tones produced by the amusics and controls are shown in Table 2. The overall 
identification accuracy for amusics’ tone production was 0.5803, which was similar to 
that for controls (0.5816). The two groups’ tone production confusion matrices also 
exhibited similar values of Kappa statistic (amusics: 0.4964; controls: 0.4979), which is a 
measure of agreement between predicted and observed categories (Kuhn, 2008). This 
suggests that amusics’ and controls’ tone production led to similar confusion patterns for 
native listeners. 
 [Insert Table 2 about here] 
C. Singing of “Happy birthday” 
Fig. 5 shows singing ratings of the amusic and control groups by the eight 
Cantonese judges. A repeated-measures ANOVA with factors of group (amusic, control) 
and condition (rating by intuition versus guidelines) revealed significant main effects of 
group [F(1,30) = 7.92, p = .009] and condition [F(1,30) = 53.81, p < .001], but no group × 
condition interaction [F(1,30) = 0.08, p = .776]. The amusic group received significantly 
lower ratings on singing than the control group by judges based on both intuition and 
guidelines. Both groups received higher ratings when judges followed the rating 
guidelines than when using intuition. 
[Insert Fig. 5 about here] 
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Fig. 6 shows boxplots of acoustic measurements in singing of “Happy birthday” by 
both groups. Repeated measures ANOVAs indicated that, compared to controls, amusics 
showed much larger pitch interval deviations [F(1,30) = 5.30, p = .029] and made 
significantly more numbers of pitch interval errors [F(1,30) = 6.79, p = .014]. Both 
groups made comparable numbers of contour errors [F(1,30) = 0.87, p = .358], while the 
group difference in time errors showed marginal significance [F(1,30) = 3.85, p = .059]. 
[Insert Fig. 6 about here] 
In order to examine the patterns of pitch interval deviations by the two groups, a 
signed pitch interval deviation (in st) was calculated for each produced interval (in 
absolute value) as the difference from the corresponding notated interval (in absolute 
value). Thus, negative deviations indicate interval compressions, and positive deviations 
suggest interval expansions. Fig. 7 shows the mean (and SE) signed pitch interval 
deviations of the two groups against the notated/expected intervals for the song. A linear 
mixed-effects model was fit on the signed interval deviations, with group and notated 
interval as fixed effects and participants as random effects. The notated interval 0 st was 
excluded from the model, since theoretically only interval expansions are possible for this 
interval (Dalla Bella et al., 2009). There was a significant effect of notated interval on 
signed pitch interval deviation [F(1,254) = 40.10, p < .001)]: the bigger the notated 
interval, the greater the interval compression. Although no significant effect of group was 
found [F(1,30) = 1.37, p = .251], there was a marginally significant group × notated 
interval interaction [F(1,254) = 3.44, p = .065], owing to the fact that group differences 
tended to be larger for relatively large notated intervals (8 and 12 st).  
[Insert Fig. 7 about here] 
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Correlation analyses suggested that, across all participants, singing ratings 
(averaged across intuition and guideline conditions) were negatively correlated with pitch 
interval deviations [r(30) = -.75, p < .001], numbers of pitch interval errors [r(30) = -.81, 
p < .001], and numbers of contour errors [r(30) = -.44, p = .012] in acoustic 
measurements. That is, as expected, better singing ratings were associated with smaller 
pitch interval deviations and fewer pitch interval and contour errors. There was no 
correlation between singing ratings and numbers of time errors [r(30) = -.24, p = .178]. 
This indicates that native listeners’ singing ratings are related to or based on singers’ 
pitch-related attributes in the current data. 
D. Pitch thresholds 
Fig. 8 shows pitch direction identification thresholds for speech syllables and piano 
tones of the two groups (15 amusics and 14 controls). A repeated-measures ANOVA on 
log-transformed thresholds with factors of group (amusic, control) and stimulus type 
(speech syllable versus piano tone) revealed a significant main effect of group [F(1,27) = 
6.51, p = .017], but no effect of stimulus type [F(1,27) = 2.43, p = .131], or group × 
stimulus type interaction [F(1,27) = 0.14, p = .711]. This outcome indicates that amusics 
had higher pitch direction identification thresholds than controls for both speech syllables 
and piano tones. 
[Insert Fig. 8 about here] 
E. Correlations between lexical, musical, and psychophysical tasks 
Correlation analyses were conducted between participants’ pitch thresholds 
(averaged across speech syllable and piano tone conditions), MBEA global scores, scores 
on the tone perception tasks (averaged across speech and non-speech conditions), tone 
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production accuracy (rationalized arcsine transformed percent-correct scores), and 
singing ratings (averaged across intuition and guideline conditions) for each group. For 
amusics, significant correlations were found between pitch thresholds and tone 
perception scores [Fig. 9A; r(13) = -.67, p = .006; the lower the pitch thresholds, the 
better the tone perception], and between MBEA global scores and singing ratings [Fig. 
9C; r(14) = .59, p = .016; the higher the MBEA scores, the higher the singing ratings]. 
For controls, significant correlations were found between MBEA global and tone 
perception scores [Fig. 9B; r(14) = .60, p = .014]. No significant correlation was found 
between tone perception, tone production (Fig. 9D), and singing ratings for either group 
(all ps > 0.05).  
[Insert Fig. 9 about here] 
IV. DISCUSSION 
This study investigated pitch processing in speech and music in individuals with 
congenital amusia who are native speakers of a complex tone language, Cantonese. The 
rich inventory of Cantonese tones afforded us the opportunity to reveal the real-world 
consequences of a music perception disorder on lexical tone perception and production of 
one’s native language, singing, and psychophysical pitch thresholds in the population of 
Cantonese speakers, who have previously been shown superior pitch processing for 
speech and music compared to English and Mandarin speakers (Bidelman et al., 2013; 
Zheng et al., 2010, 2014). Our results indicate that, despite demonstrating impaired 
lexical tone perception, Cantonese amusics showed normal production of native tones 
with subtle pitch height and contour differences. By contrast, Cantonese amusics showed 
impairments in singing, producing larger pitch interval deviations, and more pitch 
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interval errors than controls. Cantonese amusics also demonstrated higher pitch direction 
identification thresholds relative to controls for both speech syllables and piano tones. 
Significant correlations were found between pitch thresholds and speech perception, 
music perception and production, but not between speech perception and production for 
Cantonese amusics. These results are consistent with previous findings, providing further 
evidence that congenital amusia is domain-general language-independent pitch-
processing deficit that is associated with severely impaired music perception and 
production, mildly impaired speech perception, and largely intact speech production. 
Previous studies led to mixed results on amusics’ pitch processing in speech versus 
non-speech conditions. In some studies, amusics showed normal performance on 
intonation perception in the speech condition but impaired performance on non-speech 
analogues (Ayotte et al., 2002; Liu et al., 2012a; Patel et al., 2005). In other studies, 
amusics were equally impaired for both types of stimuli (Jiang et al., 2010; Liu et al., 
2010, 2012b). In the current study, Cantonese amusics showed impaired lexical tone 
discrimination in both speech and non-speech contexts. Consistent with this result, our 
recent study also indicated that Cantonese-speaking amusics were more likely than 
controls to confuse between acoustically similar tones in a lexical tone identification task 
(Liu et al., 2015b). It is worth noting that Cantonese is currently going through a sound 
change process, in which tones with similar acoustic features, e.g., tone pair 23-25 (two 
rising tones), 22-33 (two level tones), and 21-22 (two low tones), are merging into one 
single category (Law et al., 2013; Mok and Zuo, 2012; Mok et al., 2013). It is possible 
that, with impaired pitch processing abilities, amusics are more easily affected by such a 
sound change than controls. Further investigations are required to explore this possibility. 
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Furthermore, another reason why amusics and controls performed more poorly for these 
acoustically similar tone pairs than for the tone pair 25-55 may be due to the absence of 
context for helping listeners to determine the speaker’s tonal space in tone perception. 
External context plays a role in how well tones may be discriminated (DiCanio, 2012; 
Francis et al., 2006), but its role was not examined here. It will be interesting to examine 
whether and to what extent amusics’ tone perception is influenced by sentential context 
in future studies.  
In tone languages such as Cantonese where multiple tones share similar pitch 
patterns (tones 23 and 25; tones 55, 33, and 22; tones 22 and 21), the requirement for tone 
production precision is likely increased. However, consistent with previous findings on 
Mandarin amusics (Nan et al., 2010), the current lexical tone production data by 
Cantonese amusics provide a similar result pointing to intact production but impaired 
perception of lexical tones in amusia. This evidence suggests that perceptual deficits in 
fine-grained discrimination of Cantonese tones are dissociable from production accuracy 
of the same tones. Indeed, acoustic analysis of the tone production data and confusion 
matrices of native listeners’ identification of these tones revealed no difference in tone 
production between amusics and controls, even for the tones (e.g., 22-33, 21-22) that 
were difficult to discriminate for amusics. This finding is consistent with previous 
findings of English amusics’ normal pitch control in story reading and vowel production 
(Liu et al., 2010), Mandarin amusics’ normal production of native tones (Nan et al., 
2010), and French-speaking amusics’ intact imitation of speech intonation and vocal 
control (Hutchins and Peretz, 2012, 2013). Nevertheless, when asked to imitate the exact 
pitch and rhythm patterns of spoken utterances in Mandarin, Mandarin amusics still 
 - 24 -   
exhibited impaired performance relative to controls in terms of both pitch and rhythm 
matching (Liu et al., 2013). Together, these results suggest that amusics are proficient 
speakers of their native languages, without demonstrating obvious speech production 
problems. 
Compared with English- and French-speaking amusics, fewer Cantonese-speaking 
amusics reported to have problems with singing (Peretz et al., 2008; Wong et al., 2012). 
The current data revealed that, despite the substantial overlap in singing proficiency 
between Cantonese amusics and controls (Fig. 5-7, Fig. 9C), amusics as a group still sang 
significantly worse than controls. Singing inaccuracy in Cantonese amusics mainly 
manifested in the compression of large pitch intervals (Fig. 7). This finding is consistent 
with interval compression by English and French amusics reported by Dalla Bella et al. 
(2009), although no effect of interval size was found for amusics of the same English and 
French background by Tremblay-Champoux et al. (2010). Furthermore, similar to the 
amusics in Tremblay-Champoux et al. (2010), the Cantonese amusics in the present study 
showed no impairment in rhythm processing in singing, whereas a few amusics 
demonstrated impaired rhythmic processing as indexed by tempo and temporal variability 
in Dalla Bella et al. (2009). Finally, while the current Cantonese amusics performed at 
the normal level on contour processing, English and French amusics made significantly 
more contour errors compared to controls (Dalla Bella et al., 2009; Tremblay-Champoux 
et al., 2010). Further studies are needed to examine whether the aforementioned 
differences in amusic singing are due to the different language background of these 
amusics (Cantonese versus English and French), or some other factors such as sampling 
error.  
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Similar to amusics from other language backgrounds (English, French, or 
Mandarin) (Foxton et al., 2004; Jiang et al., 2013; Liu et al., 2010, 2012a, 2012b; 
Tillmann et al., 2009), the Cantonese amusics as a group also demonstrated significantly 
higher thresholds for identification of pitch direction in speech and music in the present 
study, despite the findings that Cantonese speakers have cognitive and perceptual abilities 
comparable to English musicians for musical pitch processing (Bidelman et al., 2013). 
This result suggests that speaking Cantonese does not completely compensate for pitch-
processing deficits in speech and music for individuals with congenital amusia. 
Recent studies comparing amusics’ performance on the perception versus the 
production of speech intonation, pitch direction, and lexical tones show that amusics may 
have preserved pitch production abilities, despite demonstrating impaired perception 
(Hutchins and Peretz, 2012; Liu et al., 2010; Loui et al., 2008; Nan et al., 2010). Dual-
route models of perception and production have been proposed to account for the 
disconnection between pitch production and perception in amusia and in other similar 
studies (Griffiths, 2008; Hickok and Poeppel, 2007; Hutchins and Moreno, 2013; Loui, 
2015). In particular, these models suggest that two different, independent pathways are 
responsible for the production versus perception of vocal information in speech and 
music, with the dorsal stream integrating sensorimotor commands while the ventral 
stream analyzing category-based representations (Griffiths, 2008; Hickok and Poeppel, 
2007; Hutchins and Moreno, 2013; Loui, 2015). Consequently, it is possible to observe 
the dissociation between pitch production and perception abilities in amusia due to the 
different processing streams involved. The current findings of retained lexical tone 
production but impaired lexical tone perception in Cantonese amusics provide further 
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evidence for dual-route models of perception and production. However, the significant 
correlation between amusics’ musical perception and singing abilities seems to suggest 
that singing ability is, at least to some extent, constrained by musical perception ability. 
This conclusion is likely due to the higher demand for precision in pitch production in 
music than in speech (Liu et al., 2013). The relationship between perception acuity and 
production accuracy in speech and music warrants further investigations (Hutchins and 
Moreno, 2013). 
V. CONCLUSION 
In summary, this study examined pitch perception and production in speech and 
music in Cantonese-speaking individuals with congenital amusia, a neurodevelopmental 
disorder of musical processing. Results indicate a significant impairment in lexical tone 
perception, but not in production for these amusics. Demonstrating impaired singing, 
these amusics also exhibited elevated pitch direction identification thresholds for both 
speech and music. While a significant correlation was observed between music 
perception and singing abilities of these amusics, a lack of correlation was found between 
their speech perception and production abilities. These findings provide further evidence 
that congenital amusia is domain-general language-independent pitch-processing deficit 
that is associated with severely impaired music perception and production, mildly 
impaired speech perception, and largely intact speech production.  
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Figure captions  
Fig. 1. Time-normalized F0 contours (in Hertz, or Hz) of the four tone pairs used in the 
perception tasks: (A) bei22 [鼻, “nose”] - bei33 [臂, “arm”]; (B) jyu23 [雨, 
“rain”] - jyu25 [鱼, “fish”]; (C) min21 [綿, “cotton”] - min22 [麵, “noodle”]; (D) 
tong25 [糖, “sweet (candy)”] - tong55 [湯, “soup”]. Note: 22, 33, 23, 25, 21, and 
55 correspond to the Cantonese low-level (Tone 6), mid-level (Tone 3), low-
rising (Tone 5), high-rising (Tone 2), low-falling (Tone 4), and high-level  (Tone 
1) tones, respectively.  
Fig. 2. Performance (in d') of the 16 amusics and 16 controls in the tone perception tasks: 
(A) speech condition, and (B) non-speech condition. Note: Tone21_22 stands for 
the stimulus pairs containing Tone21 and/or Tone22 either in “same” (Tone21-
Tone21; Tone22-Tone22) or “different” (Tone21-Tone22; Tone22-Tone21) 
conditions, and the same is for Tone22_33, Tone23_25, and Tone25_55. 
Fig. 3. Mean time-normalized F0 contours (in z-score normalized log F0) of the six 
Cantonese tones (A-F) produced by amusics and controls, averaged across 16 
participants in each group. Note: Tone55, Tone25, Tone33, Tone21, Tone23, and 
Tone22 correspond to the Cantonese high-level (Tone 1), high-rising (Tone 2), 
mid-level (Tone 3), low-falling (Tone 4), low-rising (Tone 5), and low-level 
(Tone 6) tones, respectively. Grey error bars reflect standard error. 
Fig. 4. Tone production accuracy (in percentage of correct responses) of 16 amusics and 
16 controls as judged by 8 native listeners. Note: Tone21, Tone22, Tone23, 
Tone25, Tone33, and Tone55 correspond to the Cantonese low-falling (Tone 4), 
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low-level (Tone 6), low-rising (Tone 5), high-rising (Tone 2), mid-level (Tone 
3), and high-level  (Tone 1) tones, respectively. 
Fig. 5. Boxplots of singing ratings of 16 amusics and 16 controls as evaluated by 8 
Cantonese listeners by provided guidelines (A) and based on intuition (B). The 
accuracy rating guidelines (1-8) were developed by Wise and Sloboda (Anderson 
et al., 2012; Wise and Sloboda, 2008). Ratings by intuition were made on the 
scale of 1-8, with 8 being very in-tune. These boxplots contain the extreme of the 
lower whisker, the lower hinge, the median, the upper hinge, and the extreme of 
the upper whisker. The two hinges are the first and third quartile, and the 
whiskers extend to the most extreme data point which is no more than 1.5 times 
the interquartile range from the box.  
Fig. 6. Boxplots of acoustic measurements in singing of “Happy birthday” by 16 amusics 
and 16 controls: (A) pitch interval deviation (in semitones), (B) number of pitch 
interval errors (out of the total 23/24 intervals), (C) number of contour errors (out 
of the total 23/24 contours), and (D) number of time errors (out of the total 24/25 
notes). The black dots denote individual participants in each group, with those at 
the same horizontal level having identical values. The data points that lie beyond 
the extremes of the whiskers are outliers, which are further denoted by small 
open circles. 
Fig. 7. Mean (and SE) signed pitch interval deviations (in semitones) of amusics (grey 
dashed lines) and controls (black straight lines) against notated intervals (in 
semitones) in singing of “Happy birthday”. 
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Fig. 8. Pitch direction identification thresholds (in semitones) of 15 amusics and 14 
controls for piano tones (A) and speech syllables (B). 
Fig. 9. Scatter plots of participants’ scores across different tasks: (A) pitch thresholds 
(averaged across speech syllable and piano tone conditions; in semitones) against 
scores on the tone perception tasks (averaged across speech and non-speech 
conditions; in d'), (B) MBEA global scores (in percentage of correct responses 
out of the total 180 trials in the MBEA tasks) against scores on the tone 
perception tasks, (C) MBEA global scores against singing ratings (averaged 
across intuition and guideline conditions), and (D) tone production accuracy 
(rationalized arcsine transformed percent-correct scores) against scores on the 
tone perception tasks. 
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Table 1. Characteristics of the amusic (n = 16, 12 female, 4 male, all right-handed) and 
control (n = 16, 12 female, 4 male, all right-handed) groups. 
Group Control mean (SD) Amusic mean (SD) t p 
Age 24.94 (9.18) 25.19 (10.51) -0.07 0.943 
Education 16.00 (3.03) 14.31 (2.02) 1.85 0.074 
Musical training 1.13 (1.82) 0.94 (1.77) 0.30 0.770 
Scale 27.88 (1.67) 21.75 (2.46) 8.24 < .001 
Contour 27.88 (1.50) 21.88 (2.31) 8.72 < .001 
Interval 28.00 (1.55) 20.19 (1.94) 12.59 < .001 
Rhythm 29.25 (0.93) 23.00 (2.63) 8.95 < .001 
Meter 27.63 (2.96) 20.50 (4.47) 5.31 < .001 
Memory 29.13 (1.09) 26.94 (2.82) 2.90 0.007 
Pitch composite 83.75 (2.96) 63.81 (3.90) 16.29 < .001 
MBEA Global 94.31 (3.13) 74.58 (5.31) 12.81 < .001 
Age, education, and musical training are in years; scores on the six MBEA subtests 
(scale, contour, interval, rhythm, meter, and memory) are in number of correct responses 
out of 30 (Peretz et al., 2003); the pitch composite score is the sum of the scale, contour, 
and interval scores; MBEA global score is the percentage of correct responses out of the 
total 180 trials; t is the statistic of the Welch two sample t-test (two-tailed, df = 30). 
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Table 2. Confusion matrices (in percentages) of Cantonese tones produced by 16 amusics 
and 16 controls, as judged by eight native listeners.  
Amusic Tone55 Tone25 Tone33 Tone21 Tone23 Tone22 
Tone55 73.18 0.26 11.72 0.52 2.34 3.65 
Tone25 0.00 61.72 0.52 0.52 27.08 0.78 
Tone33 19.01 0.26 32.55 5.47 6.51 25.78 
Tone21 0.26 0.00 3.13 76.30 0.00 21.09 
Tone23 0.78 37.50 3.13 2.60 58.07 2.34 
Tone22 6.77 0.26 48.96 14.58 5.99 46.35 
Control Tone55 Tone25 Tone33 Tone21 Tone23 Tone22 
Tone55 70.05 0.00 17.45 1.82 1.56 10.16 
Tone25 0.52 65.10 0.78 0.26 32.03 0.78 
Tone33 18.23 0.26 32.81 9.38 2.34 25.78 
Tone21 0.26 0.00 4.69 76.04 0.78 17.97 
Tone23 0.00 34.38 5.21 0.52 62.76 3.13 
Tone22 10.94 0.26 39.06 11.98 0.52 42.19 
 
Tones in columns are produced/expected categories, and those in rows are perceived 
categories.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 6 
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Figure 9 
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